Silicon (Si) with an indirect narrow band-gap (\~1.12 eV), has been central to numerous technological innovations for decades and remains to be the irreplaceable key material for electronic industry[@b1][@b2]. Compared with their thin film and bulk counterparts, silicon nanowires (SiNWs) with large surface-to-volume ratio[@b3], and superior transport property[@b4], have shown intriguing potential as functional building block for fabricating various optoelectronic devices, such as field-effect transistors[@b5], solar cell[@b6], chemical and biologic sensors[@b7][@b8], photodetectors (PDs)[@b9], and so on. Among various SiNWs-based nano-devices, PDs assembled from Si nanostructures have received special research interests[@b10][@b11]. By virtue of the appropriate band-gap and enhanced optical properties, SiNWs-based PDs are able to probe infrared light with high sensitivity and excellent photoresponse, which can constitute the core component for large-scale applications in many areas such as military surveillance, target detection and tracking[@b12]. In order to further boost the device performance (e.g. on/off ratio, response speed) of SiNWs-based PDs, people are resorting to new device structures with suppressed carrier recombination, enhanced light absorption and carrier transportation.

Graphene, as a promising alternative to transparent electrode, has exhibited extraordinary properties such as high optical transmittance, high thermal conductivity, excellent electronic and mechanical properties, as well as outstanding chemical/physical stability with tunable work function[@b13]. As a result, graphene has been widely utilized in various photovoltaic devices[@b14], PDs[@b15], and light-emitting diodes (LEDs)[@b16]. Surface plasmons (SPs), the electromagnetic wave induced electrical charges collective oscillation at the surfaces of metals is the pillar stones of application in light trapping[@b17][@b18]. Plasmonic noble metal nanoparticles (e.g. Au, Ag NPs) decorated graphene emerges as an alternative, unique electrode material that displays a wide range of extraordinary properties[@b19], including strong absorption of light in NIR and visible range and supporting the surface plasmon polaritons (SPPs) in graphene. Additionally, SPPs bound to the surface of graphene exhibits unique features such as high modal index, relatively low loss, and flexible tunability by electric field, and magnetic field[@b20][@b21]. Herein, we propose a simple strategy to fabricate high-performance NIRPDs by coating SiNWs array with AuNPs decorated graphene. The as-fabricated device exhibits obvious sensitivity to 850 nm light illumination with an on/off ratio of 10^6^, the highest value compared with other Si based devices. Theoretical simulation based on finite element method (FEM) reveals that the high performance can be ascribed to the excellent optical property of AuNPs\@graphene/SiNWs array which as a highly efficient SPP-based NIR light coupling system, is capable of trapping the incident NIR light into the SiNWs array through SPP excitation and coupling in the AuNPs decorated graphene layer. The generality of the above result suggests that our NIRPD will have potential application in future optoelectronic devices.

Results
=======

The scheme in [Fig. 1a](#f1){ref-type="fig"} illustrates the procedures to fabricate the AuNPs\@graphene/SiNWs array NIRPD. The vertical SiNWs array synthesized *via* a Ag-assisted chemical etching method was methyl-terminated to reduce charge recombination at the surface of the SiNWs. The polymethylmethacrylate (PMMA)-supported multilayer graphene film was then transferred onto the surface of the SiNWs array, followed by removal of the PMMA in acetone. Finally, AuNPs were deposited onto graphene by spin-coating AuCl~3~ solution. [Fig. 1b](#f1){ref-type="fig"} shows the cross-sectional SEM image of SiNWs array, from which well-aligned SiNWs with length of about 28 \~ 30 μm were observed. According to the statistical distribution in [Fig. 1c](#f1){ref-type="fig"}, the diameters of the SiNWs are in the range of 120--220 nm, with an average value of \~170 nm. Raman spectrum of the graphene film is found to consist of two sharp peaks: i.e., 2D-band peak at \~2698 cm^−1^ and G-band peak at \~1581 cm^−1^. The intensity ratio of *I~2D~:I~G~* ≈ 1.02, and the presence of weak D-band scattering at \~1350 cm^−1^, suggest that the graphene is mainly composed of multilayer graphene with few defects ([Fig. 1d](#f1){ref-type="fig"})[@b22][@b23]. [Fig. 1g](#f1){ref-type="fig"} depicts a representative SEM image of multilayer graphene/SiNWs Schottky junction which is modified by AuNPs with diameters in the range of 40--100 nm. These AuNPs, uniformed dispersed on the graphene film ([Fig. 1e](#f1){ref-type="fig"}), are formed through the reduction of Au ions by accepting electrons from graphene (c.f. [Fig. 1f](#f1){ref-type="fig"})[@b24].

In this study, the SiNWs array was intentionally functionalized by monolayer methyl-group such that the surface recombination can be effectively suppressed[@b25]. [Fig. 2a](#f2){ref-type="fig"} shows the current-voltage (*I-V*) curves of a typical AuNPs\@graphene/SiNWs array device at room temperature, from which one can see that the device exhibits obvious rectifying behavior due to the presence of Schottky barrier between graphene and SiNWs. [Fig. 2b](#f2){ref-type="fig"} compares the current density -- voltage *(J-V)* curves of three samples with and without surface functionalization. It can be easily seen that, with the illumination of a NIR light (**λ** = 850 nm, 3 mW/cm^2^), the AuNPs\@graphene/SiNWs array structure exhibits the best photovoltaic characteristics in terms of open circuit voltage (*V*~oc~) and short circuit current density (*J*~sc~). Remarkably, such a photovoltaic effect can allow the efficient sensing of NIR light. As illustrated in [Fig. 2c](#f2){ref-type="fig"}, when the light was turned on and off alternately at zero bias voltage, the AuNPs\@graphene/SiNWs array can be reversibly switched between low- and high-resistivity states with a dark current of (*I*~dark~) 4.1 pA, and a photocurrent (*I*~light~) of 27 μA, yielding an *I*~light~/*I*~dark~ ratio \>10^6^, the highest value among the three samples (see [Fig. 2c](#f2){ref-type="fig"} and [Fig. S1](#s1){ref-type="supplementary-material"}). As we will discuss later, this high on-off ratio could be partially attributed to the enhanced optical absorption of the NIRPD after decoration of the plasmonic AuNPs. Moreover, the increased sheet conductivity of the graphene electrode after decoration with AuNPs can be also contributed to the high on-off ratio as it can substantially reduce the series resistance in the circuit. [Fig. 2d](#f2){ref-type="fig"} depicts the spectral response of three devices, it is clear that the spectral response of these three devices displays virtually similar spectral selectivity, with peak sensitivity at around 950 nm.

Discussion
==========

The photocurrent of the current NIRPD displays high dependence on the intensity of excitation light. [Fig. 3a](#f3){ref-type="fig"} plots the photocurrent of AuNPs\@graphene/SiNWs array NIRPD under light illumination with different intensities. It is obvious that the photocurrent of the device increases gradually with increasing light intensity. This dependence of photocurrent on light intensity can be fitted by a simple power law: *i*~photo~ = *AP^θ^*, where *A* is a constant for a certain wavelength, and the exponent *θ* (0.5 \< *θ* \< 1) determines the response of photocurrent to light intensity[@b26]. By fitting this equation, *θ* is estimated to be 0.91. This nearly integer exponent suggests that the trap states have been effectively lessened which is highly beneficial to the photosensing ability[@b27]. Next, the photoresponse of the NIRPD to pulsed IR light (850 nm) was also investigated. As shown in [Fig. 3d](#f3){ref-type="fig"}, for all switching frequencies (0--2200 Hz), our device can be reversibly switched between high and low conductance. Notably, even at 2200 Hz, the relative balance only decreases by less than 10%, indicating great potential to monitor pulsed light with very high frequency. As shown in [Fig. 3e](#f3){ref-type="fig"}, the response time is defined as the time required for the photocurrent to increase from 10% to 90%, the recovery time is defined analogously. Careful analysis of curve leads to a small response/recovery time (τ~r~/τ~f~) of 73/96 μs in switching frequency of 2200 Hz. This response speed is much quicker than that of similar PDs (c.f. [Table 1](#t1){ref-type="table"}). We believe the fast response speed can be attributed to the following two factors: (1) The built-in electric field formed by the Schottky junction. During light detection, the photo-excited electron-hole pairs can be quickly separated by the electric field and then transferred to the electrodes, giving rise to fast response speed. (2) Effective surface passivation of SiNWs surface. The surface energy band bending caused by the -CH~3~ modification can also facilitate the separation of photo-generated electron-hole pairs in the radial direction of SiNWs.

In order to clearly compare the performance of our device with existing counterparts, the responsivity (*R*) and detectivity (*D*\*), two key metrics normally used to quantify the performance of photodetector are calculated. For the present NIRPD, the responsivity and detectivity were calculated to be 1.5 A/W and 2.54 × 10^14^, respectively (Please refer to the [supporting information](#s1){ref-type="supplementary-material"} for the detailed calculation of both parameters). [Table 1](#t1){ref-type="table"} summarizes the device performance of the present device and other PDs with similar structures. Although the responsivity does not show any obvious advantage, the detectivity of the present device shows the highest value, and the response/recovery time of our device is substantially reduced, in comparison with other Si based NIRPDs. What is more, the on/off ratio is much higher than not only graphene/ZnO nanorods array[@b28], graphene/Ge wafer[@b29], graphene-PbS quantum dot (QDs)[@b30], graphene QDs arrays[@b31], and graphene/CdSe nanobelt PDs[@b32], but also Si based photodetector including graphene/Si substrate (10^4^)[@b2] and pure graphene/SiNWs heterojunction (\~10^3^)[@b33].

To unveil the physics behind the high performance of NIRPD, we studied the optical properties of AuNPs\@graphene/SiNWs array structure using FEM. For the sake of convenience, we only consider the graphene/SiNWs at first. Under the illumination of 850 nm light, the equivalent relative permittivity of graphene sheet can be obtained by Kumbo formula as −0.6245 + 0.0015i (see details in the [supporting information](#s1){ref-type="supplementary-material"}), where the negative real part and near-zero imaginary part of epsilon suggests that it behaves as a low-loss transparent metal film. These unique electrical and optical characteristic enable the dual-function for the graphene sheet, i.e., serving as both excellent transparent electrode and metallic thin film for SPP excitation. [Fig. 4a--h](#f4){ref-type="fig"} illustrate the electric field energy distribution of the graphene/SiNWs array with average period and diameter of 220 and 140 nm, 240 and 160 nm, 260 and 180 nm, 280 and 200 nm. It is visible that incident light can be efficiently coupled into the SiNWs. Such a light trapping effect is so efficient that the field intensity is very high even in the NW, \~4 μm away from the Schottky contact, leading to the high energy utilization efficiency. Specifically, according to the magnified electric field energy distribution ([Fig. 4b, d, f, h](#f4){ref-type="fig"}), the strongest electric field can be induced by the SiNWs with a diameter 180 nm, which agrees with the average diameter of the as-etched SiNWs. Moreover, waves with the large wave vector provided by the scattering in the process of end-coupling can excite the SPP waves in the graphene layer, leading to apparent electric field enhancement, which can greatly facilitate the improvement of electron transport efficiency at the interface between the graphene sheet and SiNWs. This excellent optical property is in stark contrast to the case of bulk Si/graphene. [Fig. 5a](#f5){ref-type="fig"} shows the poor field penetration depth and intensity in bulk Si layer. It can be observed that most of the light will be reflected at the incident interface, and no SPP waves are generated due to unmatched moment between incident light in free space and SPP waves in graphene sheet[@b34][@b35]. As matter of fact, this theoretical simulation result is in good agreement with the reduced reflectivity, as illustrated in [Fig. 5b](#f5){ref-type="fig"}. The effective light trapping effect and remarkable SPP-induced field enhancement at top interface offered by the graphene/SiNWs array structure are highly beneficial to the IR light detection as they can provide a long optical path and more surface area for efficient light harvesting, enhancing light coupling efficiency from free space to SiNWs, and suppress light reflection[@b36].

Interestingly, the light trapping efficiency and localized field spatial distribution of the graphene/SiNWs array junction can be further enhanced through the introduction of the plasmonic AuNPs on the surface of multilayer graphene layer. In this case, the AuNPs\@graphene/SiNWs array is virtually an SPP-based light coupling regime in which the AuNPs can act as sub-wavelength scattering elements to couple and trap freely propagating plane waves from free space into an absorbing semiconductor structure by forward scattering the light into the nanowires[@b17]. Furthermore, SPPs excited at the AuNPs/graphene interface can efficiently trap and guide light into the SiNWs. [Fig. 6a--d](#f6){ref-type="fig"} show the simulated electric field energy distribution of the devices with AuNPs of different diameters, from which one can see that the strong coupling between the AuNPs and graphene sheet makes the SPP localized field more concentrated in the area just below the AuNPs[@b37]. Notably, relatively strong localized filed can be observed in the coupling system composed of graphene and AuNPs with diameter in the range of 60--70 nm. Such a special feature can not only cause increased field enhancement in graphene sheet, but also lead to directional scattering and coupling of light into the SiNWs under the AuNPs. This improvement in light trapping efficiency and localized field enhancement agrees well with transmittance spectrum shown in [Fig. 6e](#f6){ref-type="fig"}.

Apart from the SPPs-induced light trapping effect, the surface modification of SiNWs contributes to the enhancement of device performance as well. [Fig. 7](#f7){ref-type="fig"} illustrates the energy band diagrams of the graphene/SiNWs Schottky junction before and after surface modification. It is noted that surface modification can considerably alter the surface electron affinity of SiNWs: The offset of surface electron affinity for the CH~3~-SiNWs could be as high as +0.35 eV, while it is −0.12 eV for H-SiNWs without CH~3~-termination[@b38]. Therefore, the built-in electric field was greatly strengthened in the CH~3~-SiNWs device, as compared with the H-SiNWs device. On the other hand, the surface energy band bending caused by the -CH~3~ modification can also facilitate the separation of photogenerated electron-hole pairs in the radial direction of SiNWs; the holes will accumulate on the NW surface while electrons in the NW core, preventing the carrier recombination. Thirdly, passivation of surface states *via* Si-C on the SiNWs surface decreases the probability of electron-hole combination and thus increases the carrier mobilities[@b39]. As a result, the lifetime of the minority carrier (holes) in the SiNWs will be prolonged, giving rise to increased photocurrent.

In summary, high-performance NIRPD have been successfully fabricated by coating the surface of graphene/SiNWs array with plasmonic AuNPs. The on/off ratio can reach as high as 10^6^, the highest value ever reported. In addition, the responsitivity and detectivity at zero bias voltage were estimated to be 1.5 AW^−1^, and 2.52 × 10^14^ cmHz^1/2^W^−1^, respectively. Further device analysis shows that the NIRPD can work in a wide range of chopping frequencies, with high response speed (response/recovery time of 73/96 μs). Theoretical simulation based on FEM reveals that the high sensitivity is mainly attributed to light trapping and remarkable SPP-induced field enhancement. Moreover, the coupling and trapping of freely propagating plane waves from the light into the absorbing semiconductor structure, and efficient surface passivation of the SiNWs also contribute to the observed high performance.

Methods
=======

Preparation and characterization of SiNWs array and graphene
------------------------------------------------------------

The vertical SiNWs array in this work was prepared using a Ag-assisted chemical etching approach. Briefly, windows with size of 0.2 × 0.25 cm^2^ were first defined on the SiO~2~ (300 nm)/*n*-Si wafers (resistivity: 1--10 Ωcm) substrates by adhesive tape, followed by dipping into a buffered oxide etch (BOE) solution until the underlying Si substrates were exposed. The as-obtained substrate was then immersed into a mixed solution of HF (4.8 M) and AgNO~3~ (0.005 M) to coat AgNPs, which will act as catalyst during etching in the etchant composed of HF (4.8 M) and H~2~O~2~ (0.4 M). After etching for 20 min, the as-obtained SiNWs array were dipped into a diluted HNO~3~ and HF solution to dissolve Ag and SiO~2~ on the surface of SiNWs array, respectively. Methyl group-terminated SiNWs array (denoted as CH~3~-SiNWs) was prepared following a two-step chlorination/alkylation method[@b25]. The multilayer graphene film was grown on 20 μm thick Cu foil at 1000°C *via* a chemical-vapor deposition (CVD) method[@b40]. After growth, the graphene films were spin-coated with 5 wt.% polymethylmethacrylate (PMMA) in chlorobenzene, and then the underlying Cu foil were removed in Marble\'s reagent solution (CuSO~4~:HCl:H~2~O = 10 g:50 ml:50 ml). The graphene film was rinsed in deionized water to remove the remaining ions. The multilayer graphene films were directly transferred onto SiO~2~/Si substrate and the PMMA was removed by acetone. The chemical composition of the AuNPs decorated graphene was analyzed by X-ray photoemission spectroscopy (XPS) which was performed on a VG ESCALAB 220i-XL analysis system equipped with a monochromatic Al x-ray (1486.6 eV) source.

Device construction and evaluation
----------------------------------

To fabricate the AuNPs decorated graphene/SiNWs Schottky junction photodetector, 5/50 nm Ti/Au electrode, which served as the electrical contact for graphene, was first deposited on the SiO~2~/Si substrate using electron-beam evaporator. Then the PMMA-supported multilayer graphene films were directly transferred onto the top of SiNWs. After drying at 100°C for 10 min, the residual PMMA on graphene film was removed by acetone. Indium-gallium (In-Ga) alloy was then pasted on the rear side of Si subatrate to achieve ohmic contact. AuNPs on graphene was obtained by spin-coating of AuCl~3~ (10 mM in nitromethane) onto the substrate at 2000 rpm for 1 min. The device characteristics of graphene/SiNWs were measured using a Keithley 4200 semiconductor characterization system. To determine the spectral response and time response of the Schottky junction devices, a home-built system composed of a light source (LE-SP-LS-XE), a monochromator (LE-SP-M300), an oscilloscope (Tektronix, TDS2012B), and an optical chopper (LE-oc120) was used.

Theoretical simulation
----------------------

The simulation of electric field energy density distribution was performed by the finite element method (FEM). In our calculation, the incident light is *p*-polarized with a wavelength of 850 nm, and the permittivity of Si and Au are 13.410 + 0.029i and −28.168 + 1.752i[@b41][@b42], respectively. The equivalent relative permittivity of graphene can be determined by the formula , in which the multilayered graphene is treated as an ultra-thin film with thickness of \~1 nm, *i* is the pure imaginary, *η*~0~ and *k*~0~ are the impedance and wave vector in air, respectively. The conductivity *σ~G~* is determined by Kumbo formula[@b43][@b44], and can be evaluated as[@b45][@b46] where *ω* is the light angular frequency, *T* the temperature, *e* the electron charge, the reduced Planck\'s constant, *k~B~* the Boltzmann constant, *μ~c~* and *τ* the chemistry potential and the momentum relaxation time, respectively. Specifically, under *λ* = 850 nm (1.459 eV), *T* = 300 K, *μ~c~* = 0.12 eV and *τ* = 0.5 ps, the equivalent relative permittivity of graphene is estimated to be −0.6245 + 0.0015i, suggesting a metal-like behavior and little optical loss.
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![Device fabrication and structure characterization.\
(a) Schematic illustration of the step-wise process for fabrication of the NIRPD; (b) Cross-sectional SEM image of the SiNWs, the inset shows the magnified SEM image of the SiNWs array; (c) Statistical distribution of the diameters of SiNWs; (d) Raman spectrum of the multilayer graphene film, the inset shows a SEM image of the graphene film on the Si substrate; (e) SEM image of AuNPs on graphene film, the inset shows TEM image of a AuNP; (f) The Au 4f spectrum of AuNPs on the graphene film; (g) Cross-sectional SEM image of NIRPD.](srep03914-f1){#f1}

![Optoelectronic characteristics of the NIRPD.\
(a) *I-V* curves of the NIRPD measured at room temperature, the inset shows the device structure; (b) *I-V* characteristics, and (c) photoresponse of three representative devices under 850 nm light illumination at *V*~bias~ = 0 V; (d) The corresponding spectral response, the sensitivity is defined by 100 × *I*~current~/*I*~max~, where *I*~max~ is the maximum photocurrent of AuNPs\@graphene/CH~3~-SiNWs array, at around 950 nm. To make the analysis more reliable, we kept the light power identical for all wavelengths during analysis.](srep03914-f2){#f2}

![Photoresponse of the NIRPD.\
(a) Photoresponse of the AuNPs\@graphene/CH~3~-SiNWs array NIRPD under light illumination with increasing intensities from 0.81 to 174 μW/cm^2^; (b) The fitting of the relationship between the photocurrent and light intensity. The light wavelength was 850 nm; (c) Photoresponse of the NIRPD to pulsed IR light irradiation (850 nm) at different frequencies; (d) The relative balance (*I*~max~ − *I*~min~)/*I*~max~ versus switching frequency; (e) A single normalized cycle measured at 2200 Hz for estimating both response time (*τ*~r~) and recovery time (*τ*~f~).](srep03914-f3){#f3}

![Theoretical simulation of graphene/SiNWs array structure.\
Simulated electric field energy distribution for the graphene/SiNWs with average period and diameter of (a) 220 and 140 nm, (c) 240 and 160 nm, (e) 260 and 180 nm and (g) 280 and 200 nm; (b), (d), (f) and (h) show the magnified electric field energy distribution of one unit of graphene/SiNWs. The average value of the gap between two adjacent SiNWs is \~80 nm.](srep03914-f4){#f4}

![Optical properties of the planar Si and H-SiNWs.\
(a) The electric field energy distribution of bulk Si with graphene layer. (b) Reflection spectra of both planar Si and H-SiNWs array.](srep03914-f5){#f5}

![Simulated electric field energy distribution of the NIRPDs.\
The diameters of the AuNPs are 40 nm (a), 50 nm (b), 60 nm (c) and 70 nm (d), respectively. Note that the period and diameter of SiNWs are 260 and 180 nm, respectively. (e) The transmittance of graphene with and without Au decoration.](srep03914-f6){#f6}

![Working mechanism of the AuNPs\@graphene/SiNWs array NIRPD.\
Energy band diagrams of before (a), and after surface modification (b); the *Φ*~G~/*Φ*~Si~ denote the work functions of graphene/SiNWs, respectively, *E*~C~ and *E*~V~ are the conduction band minimum and valence band maximum of Si, respectively, *E~F~*, ***χ***~Si~ and *E*~0~ are the Fermi energy level, the electron affinity of Si, and the vacuum energy level, respectively.](srep03914-f7){#f7}

###### Summary of the device performances of the present NIRPD and other photodetectors with similar device structures

  Device Structure               Responsivity (A/W)   Response/Recovery time   *I*~light~/*I*~dark~   Detectivity (Jones)     Ref
  ----------------------------- -------------------- ------------------------ ---------------------- --------------------- ----------
  AuNPs\@graphene/CH~3~-SiNWs           1.5                  73/96 μs                \~10^6^               \~10^14^         Our work
  graphene/Si                          0.435                 1.2/3 ms                \~10^4^                \~10^8^          [@b2]
  graphene/ZnO nanorods array           113                 0.7/3.6 ms               \~10^3^                   /             [@b28]
  graphene/Ge wafer                     0.05                23/108 μs                \~10^4^               \~10^10^          [@b29]
  graphene-PbS QDs                     10^7^                 10/10 ms                   /                  \~10^13^          [@b30]
  graphene QDs arrays                   8.61                    /                    \~10^1^                   /             [@b31]
  graphene/*n*-CdSe nanobelt            8.7                 70/137 μs                \~10^5^                   /             [@b32]
  graphene/pure SiNWs                    /                    20 ms                  \~10^3^                   /             [@b33]
